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We theoretically investigate the generation of spin current from a uniformly rotating body with impurity
scattering on the basis of the spin dependent transport equation. The spin current is created mainly in the
radial direction when a weak magnetic field, where the cyclotron frequency is smaller than the inverse of the
relaxation time due to the impurity scattering, is applied parallel to the rotation axis. Spin accumulation is
estimated by solving the spin diffusion equation. We show that the inverse spin Hall effect can be used to
detect the spin current induced by rotation.
PACS numbers: 72.25.-b, 85.75.-d, 71.70.Ej, 62.25.-g
In 1915, Albert Einstein, Wander Johannes de Haas
and Samuel Jackson Barnett discovered the coupling of
magnetism and rotational motion.1,2 They measured the
gyromagnetic ratio and the anomalous g factor of elec-
trons before the dawn of the modern quantum physics.
Recent development of nano-processing technologies has
led to detect the effects of mechanical rotation on nanos-
tructured magnetic systems.3,4 Theoretical studies on the
coupling of magnetism and rotation have been performed
in consideration of nanoscale systems.5–8
Spin-dependent transport phenomena in magnetic
nanostructures are of great interest in the field of spin-
tronics, which involves the study of “spin current”, a
flow of spins.9 The coupling of the magnetization and
spin current is one of the hottest areas in spintronics
such as spin transfer torque,10,11 spin pumping,12 and
spin motive force.13 Recently, the authors constructed
the fundamental Hamiltonian with the direct coupling of
spin current and mechanical rotation from the general
relativistic Dirac equation, and predicted the generation
of spin current from a uniformly rotating in a ballistic
system.14
In this Letter, we extend the results in the ballistic
regime to diffusive one introducing effects of impurity
scattering on the generation of spin current by mechani-
cal rotation. Combining the conventional transport equa-
tion of non-equilibrium steady states with the spin depen-
dent semi-classical equation of electrons in a uniformly
rotating frame, we show that the spin current is gener-
ated in the radial direction in a weak magnetic field. The
spin accumulation at the edges of a Pt film attached to a
uniformly rotating disk is estimated using a spin diffusion
equation with a spin source term due to the mechanical
rotation. It is shown that the inverse spin Hall voltage
can be measured as a signal of spin current induced by
mechanical rotation in the larger sample compared to the
spin diffusion length.
Spin dependent transport in a system with strong spin-
orbit interaction can be described as a set of the semi-
classical equations15
r˙ = v + vσ, h¯k˙ = −e (E+ r˙×B) (1)
where r is the position vector of an electron, v = h¯k/m
the normal velocity, vσ the anomalous velocity, h¯ Planck
constant, e the electron charge, m the electron mass, k
the lattice momentum, E andB are electric and magnetic
fields. The anomalous velocity originating from the spin-
orbit interaction derived from the Dirac equation in an
inertial frame is written as vσ = (eλ/h¯)σ×E with spin-
orbit coupling λ = h¯2/4m2c2 and the Pauli matrix σ.
In a uniformly rotating frame, the anomalous velocity
is given by14
vσ =
eλ
h¯
σ × (E+ (Ω× r)×B) (2)
with the rotation frequency vector Ω.
We consider the spin current generation in a rotating
non-magnetic conductor with a large spin-orbit coupling
such as Pt in the presence of spin-independent impu-
rity scattering. Although the scattering does not depend
on spins, the electron distribution function depends on
spins, owing to the spin-dependence of the semi-classical
equations (1). Thus, the transport equation of non-
equilibrium steady states is written as
r˙ ·
∂fσ
∂r
+ k˙ ·
∂fσ
∂k
= −
fσ − f0
τ
. (3)
Here, fσ = fσ(r,k) is electron distribution function,
f0 = f0(ε) the Fermi-Dirac distribution function, and
τ the relaxation time due to the impurity scattering. In
the case of E = 0, the solution of the transport equation
2is
fσ = f0 + ev · τ
Eσ + τωc ×Eσ
1 + (τωc)2
∂f0
∂ε
, (4)
Eσ = vσ ×B =
eλ
h¯
[σ × ((Ω× r)×B)]×B (5)
where ωc = eB/m is the cyclotron freaqueancy. When
B = (0, 0, B) and Ω = (0, 0,Ω), the spin current induced
by the mechanical rotation with impurity scattering can
be estimated to be Js = −eTr[σz
∫
dkfσ(r,k)r˙]. Thus,
we obtain the explicit form of the spin current in a ro-
tating disk:
Js(R) = J
r
s (R)er + J
φ
s (R)eφ, (6)
Jrs =
τωc
1 + (τωc)2
J0s , J
φ
s =
(τωc)
2
1 + (τωc)2
J0s (7)
where er(eφ) is the unit vector of the radial(azimuthal)
direction as shown in Fig. 1, and J0s is given by
J0s (R) = 2neκωcR. (8)
Here, n is the electron number density, R the distance
from the center of the rotation, and κ = λk2F h¯Ω/εF with
Fermi wave vector kF and Fermi energy εF .
In the limit of large τωc, Eq. (7) reproduces the re-
sult in a ballistic regime as Jrs = 0 and J
φ
s = J
0
s .
14 The
formulae (7) and (8) show that the mechanically induced
spin current is proportional to the spin-orbit coupling
λ and the rotation frequency Ω, whereas Jrs ∝ B
2 and
Jφs ∝ B
3. The spin-orbit coupling λ is enhanced in met-
als and semiconductors such as Pt,16–18 where we use
λk2F = 0.59.
18 The rotation frequency is chosen to be
Ω = 1kHz, where the ultra high speed rotor works stably
even in the presence of frictions by the contact measure-
ment tools.19 This rotor is suitable for the detection of
the generation of spin current by mechanical rotation in
Pt as discussed below. Thus, the dimensionless parame-
ter becomes κ ≈ 10−13. For Pt at room temperature in
an external magnetic field B = 1T, we have τωc = 10
−3.
In this condition, the radial component of spin current
Jrs becomes much larger than the azimuthal component
Jφs because of Eq. (7). In the case of R = 100mm, we
obtain Jrs ≈ 10
5A/m
2
and Jφs ≈ 10
2A/m
2
.
We consider the spin accumulation in a nanoscale Pt
film which is rotated by a high speed rotator in a weak
magnetic regime, ωcτ ≪ 1. The Pt film with width w
and length d is attached to a disk and the distance be-
tween the edges and the rotation axis are R1 and R2 as
shown in Fig. 1 . In the film, the radial spin current is
induced when the disk is rotating. In the weak magnetic
regime, the spin current mainly flows in the radial di-
rection as mentioned above. When keeping the rotation
frequency constant, the non-equilibrium steady state is
achieved. In this situation, the spin accumulation near
the edges can be estimated by the spin diffusion equa-
tion with the source term originating from mechanical
rotation as follows:
∇2δµ =
1
λ2s
δµ− eρ divJs (9)
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FIG. 1. A Pt film is attached to a rotating disk. An external
magnetic field is applied parallel to a rotation axis.
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FIG. 2. In a weak magnetic field, ωcτ ≪ 1, the spin current
due to the mechanical rotation is generated in the radial di-
rection. This spin current is included into the spin diffusion
equation as a spin source term. The spin accumulation δµ
along the radial direction in Pt is plotted as a function of
the distance from the edge, x. The sample size d = 100nm,
the distance between the sample edge and the rotation axis
R1 = 50mm.
where δµ, λs, and ρ are spin accumulation, spin diffu-
sion length, and resistivity. The total spin current in the
film J tots consists of the diffusive spin current (1/2eρ)∇δµ
and the mechanically induced current Jr,φs . The analytic
solution of Eq. (9) in the cylindrical polar coordinates
with the boundary conditions, J tots = 0 at the edges, is
given by the superposition of the modified Bessel func-
tion of the first and second kind. Choosing d = 100nm,
R1 = 50mm, Ω = 1kHz, B = 1T, λs = 14nm, and
ρ = 12.8 × 10−8Ω·m for Pt,20 we obtain the spin accu-
mulation near the edges δµ(R1) ≈ δµ(R2) ≈ 0.05nV as
shown in Fig. 2.
Let us consider a detection method of the spin cur-
rent due to mechanical rotation by means of the inverse
spin Hall effect.21 The inverse spin Hall effect converts
a spin current into an electric voltage via the spin-orbit
interaction as EISHE ∝ Js × s, where EISHE,Js and s
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FIG. 3. The radial spin current is converted to the inverse
spin Hall voltage in the azimuthal direction eφ.
are the electric field due to the inverse spin Hall effect,
the spatial direction of the spin current, and the spin-
polarization vector of the spin current, respectively. In
the present Pt sample attached to a rotating disk, the
voltage due to the inverse spin Hall effect is generated in
the azimuthal direction. The voltage by a voltmeter, at-
tached to both sides of the film, gives us the evidence of
the generation of radial spin current due to the mechan-
ical rotation (see Fig. 3). In the Pt film, the z-polarized
spin current flowing in the radial direction converts the
inverse spin Hall voltage in the azimuthal direction.
We note that the voltage signal induced by the in-
verse spin Hall effect is completely different from the
electromotive force produced by the acceleration known
as Tolman-Stewart effect.22 The voltage originating from
the Tolman-Stewart effect is created in the radial direc-
tion because of the acceleration of the rotational motion,
whereas the inverse spin Hall voltage is induced in the
azimuthal direction as indicated above.
The inverse spin Hall voltage VISHE is estimated by
VISHE = Θwρ〈J
r
s 〉 with the spin Hall angle Θ, sample
width w, resistivity ρ and the average of the radial spin
current 〈Jrs 〉 which is calculated by
〈Jrs 〉 =
1
d
∫ R2
R1
Jrs dR =
ω2cτneκ(R1 +R2)
1 + (ωcτ)2
. (10)
From Eq. (10), we have the voltage VISHE ∝ B
2Ω, which
shows the sign of the voltage changes only when the ro-
tation axis is reversed. In the case of w = d = 10mm,
ωcτ = 0.01, Θ = 0.01 and ρ = 12.8×10
−8Ω·m, we obtain
the average of the radial spin current 〈Jrs 〉 ≈ 10
5A/m2
and the voltage VISHE ≈ 1µV.
In conclusion, we have investigated the generation of
spin current due to mechanical rotation in the presence of
impurity scattering. The explicit form of spin current is
obtained by combining a conventional transport equation
of non-equilibrium steady states with the semi-classical
electron equation with the spin-dependent velocity in a
uniformly rotating frame. It is shown that the spin cur-
rent is mainly generated in the radial direction in a weak
magnetic regime. The spin accumulation in a Pt film at-
tached to the uniformly rotating disk with an external
magnetic field is calculated by solving the spin diffusion
equation along the radial direction with the spin source
term. We have proposed that the inverse spin Hall volt-
age can be used as a signal of the generation of spin
current from the rotating body.
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